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We study the production of the SM Higgs boson {H^) at future 67 coUiders, through the reaction 
67 — > e//". The amphtude is evaluated using the non-hnear ijj-gauge, which greatly simplifies the 
calculation. Complete analytical expressions for the amplitudes are presented, which include the 
contributions from 1-loop triangles 77*//° and ^Z'H" as well as the W- and Z-boxes with their 
related eeff" triangle graphs. The resulting cross section for this mechanism indicates that it could 
be used to detect the Higgs signal and to test its properties. 



I. INTRODUCTION 



The search for the standard Model (SM) Higgs boson at future colliders, has become the focus of extensive studies, 
mainly because of its importance as a test of the mechanism of electrovifcak symmetry breaking At the next e^e~ 
linear collider (NLC), it will be possible to study some features of the SM Higgs boson (i/°), through the production 
reactions e+e" — > HZ, and e+e" — > H"/ &-|]. However, given the prospect for studying collisions at the NLC 
through its operation in the photon mode , it is convenient to have a production mechanism that can be used to 
study the detection of the Higgs boson in this mode. Besides the interest to detect a Higgs boson in any machine, 
it is important to study carefully the possibility to test its couplings to all the SM particles, since this will help to 
determine whether it corresponds to the SM or to some of its extensions. 

The production of in 67 has already been evaluated using the Williams- Wcizsacker approximation, namely 
through the ^ H mechanism with on-shell photons |^-|^ , with the conclusion that this reaction will dominate over 
the mode e+e^ — * H^, and it can be useful! to study the vertex H^"f. However, in order to improve the precision of the 
calculation, and the confidence on the result, it is necessary to consider the full two-body reaction 67 — > eff^, which 
includes the contributions from 1-loop vertices 77*i/°, ^Z*H^ , and the W- and Z-boxes. The reaction 67 — > eH^ 
can be used also to study the vertex HjZ, provided that it could be possible to separate its effects from the other 
contributions. 

In this paper, we calculate the cross-section for the reaction He, using a nonlinear i?^-gauge po|-[l^]. We 

present complete analytical expressions for the amplitudes, and show the power of the non-linear gauge in verifying 
the gauge invariance of the result. In this gauge some 3-point vertices WVG, as well as some 4-point vertices WVGH , 
are absent; V represents the neutral gauge bosons Z,A and denotes the charged Goldstone boson. Thus, the 
number of diagrams is reduced considerably. 

In order to derive the Feynman rules arising from the nonlinear i?^ gauge, one needs to specify the gauge fixing 
term, which has the form p] 



(1) 



where the SU(2)l and U(1)y /-functions are given by: 



(2) 



^'^\{'t>).-{'l>)l\^' 



(3) 
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respectively, with (0)^ = -^(0, v) denoting the v.e.v. of the neutral component of the Higgs doublet and (/)' 



Using now the definitions: = 
obtains: 



/ = CwP - swf , f = CwP + swf , cw = COS0W, sw = sinOw, one 



{v + H" + iGz) 



w 



'w 



f - a^Z^ - (c^^Cs + ^w£,y) MzGz, 



(4a) 
(4b) 
(4c) 



The gauge parameters £,Y,S.i are all chosen to be unity, which defines the non-linear 't Hooft-Feynman gauge. 
After substituting these expressions in the gauge-fixing lagrangian, and including them in the full gauge and Higgs 
lagrangian, one derives the non- linear vertices for the scalar and gauge-sector, which are summarized in ref. 

The diagrams encountered in the calculation of the e~7 — > include: i) graphs with the triangle AA*H and 

AZ*H loop (Fig. |l|a), ii) graphs with W~ and Z— mediated box diagrams and the related triangles with external 
fermion legs (Figs.^|b, |l]c, [^d), and ii) those with Z-A and Z-H self energies (Figs. |l|e, ||f). It results that these sets 
are separately gauge invariant. 

The diagrams of Figs. 0a involves a virtual gauge bosons {Z^ or 7) in the t-channel. The relevant contributions to 
these triangle graphs include the heaviest fermions (the top and bottom quarks), W^-G'^ bosons and ghosts, however 
the amplitudes for each subset are also separately gauge invariant, thus the total amplitude is also gauge invariant. 
The remaining diagrams (Figs. |^, |l]d) have no gauge boson poles. They consist of box diagrams, with the Higgs 
boson emerging from one of the box vertices, together with associated triangle diagrams eeH^. There are two such 
combinations of boxes and triangles: one with Z's, in the loops and one with Ws in the loops. The amplitude for the 
graphs of Fig. 1-e, which consist of tadpole and bubble diagrams, with fermions, W^-G^ bosons and ghosts in the 
loops, combine to give vanishing results, which is a consequence of using the non-linear gauge. On the other hand, 
the amplitude for the graphs of Fig. 1-f vanish in the approximation mg = 0. 

We have evaluated the amplitudes using dimensional regularization, with the help of the programs Feyncalc jlj] 
and the numerical package FF llsJlO]. Our result for the total amplitude is written as follows: 



M=Mj + Mz+M\ 



M 



w 



The contribution to the matrix element from the A— and triangles is given by: 



-u{p2){a^,z - b^,zlb)l''u(j)i)t'^{ki, Xi)F^^z [ki ■ k2gp.u - ^12.^2/^) 



where 



4s4,c' 



2NcQ)Hf 



A 



w 



1 Tw 



w 



-{2 + 7tw) [Bq {Ml,M^,Ml,)-Bo{t,Ml,,Ml,)] 



Tiv - A 



w 



2M^Co{t,M^,Mj) 



(5) 



(6) 



(7) 



Fz = 



-w 



w 



ClNcQfHf 



M^it - Ml) 



+ 4(3-t2,)M2,Co(t,M^,M2,) 



2{tw — ^w) 



+ 2M^Co{t,M]j,Mlr)]] . 
The function Hf represents the fermionic contribution to the loops and is given by: 



Hf 



[Bo {Mfj,Ml M}) - Bo {t, M},M])] -f 2 1 



M]-Go{t,M]j,M]-] 



(8) 



(9) 
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with 



"1 

Ml ' 



0, az = l 
X 



■4s^, bz = l, 



4M^ 
t ' 



''X — r • 



(10) 



Although one can write analytical expressions for the previous Bq and Co scalar functions, they are also evaluated 
with the help of the FF package. The full dependence of the above Co's is the following: 



Co{t, Ml, Mf) = Co{0, t, M%, Ml Ml Mf), 
Co(i, M|, M^) = CoiO, t, M%, M^, M^, M^). 



(11a) 
(lib) 



The result for the contribution of the Z-mediated box diagram to the amplitude, including the related Hee triangle 
graph, is the following: 



ia^Mz. 

4q3 „3 



KP2h''iaz - 75)^w(pi)e^(fci, Ai) [-A{t, s, u) (fci • pig^j. - pif,ki^) 



+ A{t, u, s) (fci • P2gij,t. - P2^fci^)] , 



with s = {pi + fci)^, t = {k2 — fci)^, u = (fci — P2)^, and 



A{t, s, u) = 



2st 



Mi 



(M|(s + u) - su) Doz{l, 2, 3, 4) 



(12) 



+ (s-M|) 
1 



Coz{l, 2, 4) + ^Coz{l, 2, 3) - t±^Coz{2, 3, 4) 



+ 



t 



2Mi 



st 



{s + t){s- 



-^)az(l,3,4) 



+ 



2t 
s + t 



(Soz(3,4)-Soz(l,3)) 



and the arguments of the scalar functions are 



(13) 



Soz(l,3) 


= So(u,,m2,M|), 


(14a) 


Soz(3,4) 


= Bo{M%,MlM^z), 


(14b) 


Coz(l,2,3) 


= Co{0,0,u,ml,ml,M^), 


(14c) 


Coz(l,2,4) 


= Co{0,s,0,ml,ml,Ml), 


(14d) 


Coz(l,3,4) 


= C^{Q,Ml,u,ml,Ml,Ml), 


(14e) 


Coz(2,3,4) 


= Co{s,Q,M%,Ml,ml,Ml), 


(14f) 


oz(l,2,3,4) 


= Do{0, s, M%, u, 0, 0, ml, ml, M|, M|). 


(14g) 



The labels 1, 2, 3, 4 in Dq are associated to the internal loop-masses, namely to the last four entries of Dq. Then, the 
Bo{Co) functions are obtained by suppressing two (one) of the propagators that appear in the Dq function. 
The expression for the amplitude coming from the W-box and its related eeH° triangle graph is given by: 



A^box 



2s3 



w(P2)7''(l -75) u{pi)e'^{ki,Xi) [{Ai{t,s,u) + A2{t,u,s)) {ki -pig^i^ - Pinkie) 



{A2{t,S,u) + Ai{t,U, S)) [ki ■P2gij.v -P2ij.klu)] , 



(15) 



where 
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Ai{t,s,u) 



2st 



s — KP 

^ ^ (M^(s + u) + st) Z?oiy(l,2,3,4) 



+ {s- M^) 



^01^(2, 3, 4) - -CoH/(l,3,4) + — -Coiy(l,2,4) - ^Cow(l,2,3) 
s s s 



2t 



+ ^—[Bow(l, 2) -501^(1,3)] 
s + u 



(16) 



A2(i, s, u) 



1 

2tu 



< + u - Af, 



/f2 



2t 



^M^{s + u)-st) -2Mlt] Dow{l,2,3A) 



CoH'(2,3,4) + -CoH'(l,3,4) 
u u 



-CoH'(l,2,3) + 



u(i + u) 



Coiv(l,2,4) 



[BoM/(2,4)-BoM/(l,2)] 



2i 



[SoM/(l,3) -BoM/(l,2)] 



The scalar functions that appear before have the foUowing arguments: 



(17) 



-BoM/(l, 2) 




(18a) 


-Bow(l, 3) 


= Bo{t,Mfj,Mfi), 


(18b) 


^01^(2,4) 




(18c) 


Coiv(l, 2, 3) 


= Coit,0,Mfj,M^,M^,M^), 


(18d) 


Cow(l,2,4) 


= CoiO,s,Mfj,M^,0,M^), 


(18e) 


Coiv(l,3,4) 




(18f) 


Cow(2,3,4) 


= Co{0,0,.s,0,M^,M^), 


(18g) 


i^ow(l,2,3,4) 


= i^o(0, 0, 0, Mfj, t, s, M^, 0, M^, M^). 


(18h) 



In order to obtain the cross-section, one has to square the total amplitude, sum and average over initial and final 
polarizations, then the correspondent differential cross section for the reaction 7 + e^_ff + eis expressed as follows: 



da 



where: 



with 



\M\ =^ . . e — s — i (s +u 



64s6j,cS, 



dt Wtts^ 



|F^r + 2azRe{F*Fz) + (1 + a|) \Fz\ 



(19) 



(20) 



fs = |Ai2p + (1 + 6a| + a|)|A,|2 + 2i?e(Ai2F^*) ~ 2(1 + a|)i?e(^F*) 

-2(1 + azfRe{Ai2A*^) + 4(1 + az)i?e(v4i2i^^) - 2(4 + 3az)i?e(^F|), 

with /„ = /s(s w; Ai2 ~* -A21; As ^ -Au), yls = A{t,s,u), Au = A(t,u, s), and also: 

A12 = 2cV[Ai(t, s, u) + A2(i, u, s)] 
A21 = 2c'^[A2{t,s,u)+ Ai{t,u,s)]. 



(21) 



(22) 



Finally, in order to obtain the total cross-section (ctt), one needs to convolute a with the photon distribution 
namely 
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0.83S 



b J Ml J 



(23) 



where S denotes the squared cm. energy of the e^e -system, and the photon distribution is given by 



1-x 



Ax 



ix' 



l-x^{l-x) C^il-xY' 



(24) 



where: 



(l-^-^)log(l 



18 1_ 

'^'^2^^ 2(1 + 



(25) 



We present in Fig. g the resulting cross-section for our process. We have taken mt ~ 175 GeV [|T^, and the values 
for the electroweak parameters given in the table of particle properties fl^ ]. In fact, it happens that the contributions 
of the boxes can be neglected. Although the cross section is small, about 6 fb for mn — 200 GeV and Ec.m. = 500 
GeV, it is larger than the one for the reaction e^e~ H + 'y jj]. With the expected NLC luminosities (100 fb~^/yr) 
it will be possible to observe up to about 600 H + e events, which should allow to study the properties of the Higgs 
boson. Our results reproduce correctly the value reported in Ref. Q which uses only the photon-pole contribution, 
for the total cross-section; we find cr = 6.1 fb, whereas they find cr = 5.9 fb, for Ec.m. = 500 GeV and Mh = 200 GeV. 

The final signature depends on the Higgs boson mass. For instance, if we focus on the intermediate-mass region 
{M\Y < Mh < 2Mw) the dominant Higgs decay is into bb pairs, and in order to estimate the backgrounds that need 
to be considered, one could rely on the results of Ref. H|, which considers the production of 67 — *■ e -I- 66 in the context 
of their study of the production of the pseudoscalar yl^of the MSSM, and they conclude that this background can be 
handled, and detection of the signal is possible. In our case, since the event rates are of the same order, we believe 
that the signal from can be detected too [|. 

In conclusion, we have studied the production of the SM Higgs boson (-ff°) at future 67 colliders, through the reaction 
67 eiJ°. The amplitude is evaluated using a non- linear _R^-gauge, which greatly simplifies the calculation, and 
allows to present complete analytical expressions for the amplitudes. The resulting cross section for this mechanism 
indicates that it could allow the detection of the Higgs boson, and can also be used to test the Higgs boson properties. 
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FIG. 1. Classification of graphs that contributes to the reaction ej — > eH°. 



FIG. 2. The cross section for the reaction 67 — » eH° at ^/s = 500 GeV and ^/s = 1 TeV. 
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